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A capacitance based large-area electronics strain sensor, termed soft elastomeric capacitor (SEC) has shown
various advantages in infrastructure sensing. The ability to cover large area enables to reflect mesoscale
structural deformation, highly stretchable, easy to fabricate and low-cost feature allow full-scale field
application for civil structure. As continuing efforts to realize full-scale civil infrastructure monitoring, in this
study, new sensor board has been developed to implement the capacitive strain sensing capability into wireless
sensor networks. The SEC has extremely low-level capacitance changes as responses to structural
deformation; hence it requires high-gain and low-noise performance. For these requirements, AC (alternating
current) based Wheatstone bridge circuit has been developed in combination a bridge balancer, two-step
amplifiers, AM-demodulation, and series of filtering circuits to convert low-level capacitance changes to
readable analog voltages. The new sensor board has been designed to work with the wireless platform that uses
Illinois Structural Health Monitoring Project (ISHMP) wireless sensing software Toolsuite and allow 16bit
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ABSTRACT   
A capacitance based large-area electronics strain sensor, termed soft elastomeric capacitor (SEC) has shown various 
advantages in infrastructure sensing. The ability to cover large area enables to reflect mesoscale structural deformation, 
highly stretchable, easy to fabricate and low-cost feature allow full-scale field application for civil structure. As 
continuing efforts to realize full-scale civil infrastructure monitoring, in this study, new sensor board has been developed 
to implement the capacitive strain sensing capability into wireless sensor networks. The SEC has extremely low-level 
capacitance changes as responses to structural deformation; hence it requires high-gain and low-noise performance. For 
these requirements, AC (alternating current) based Wheatstone bridge circuit has been developed in combination a 
bridge balancer, two-step amplifiers, AM-demodulation, and series of filtering circuits to convert low-level capacitance 
changes to readable analog voltages. The new sensor board has been designed to work with the wireless platform that 
uses Illinois Structural Health Monitoring Project (ISHMP) wireless sensing software Toolsuite and allow 16bit low-
noise data acquisition. The performances of new wireless capacitive strain sensor have been validated series of 
laboratory calibration tests. An example application for fatigue crack monitoring is also presented.  
Keywords: Wireless sensor, Structural health monitoring, Capacitive strain sensor, AC Wheatstone bridge 
 
1. INTRODUCTION  
The wireless structural sensor networks (WSSN) has been promising solutions for full-scale structural health monitoring 
(SHM) in practice. WSSN allows automated monitoring of structural behaviors with dense array of low-cost sensors. 
Various kinds of multimetric sensor hardware and software have been developed, implemented in WSSN, and 
demonstrated the performance through many full-scale SHM applications using the WSSN 1–3. 
Strain based structural sensing has been widely used in measuring static and dynamic deformation of structures with 
advantages in broadband accuracy, low-cost and easy installation. The most commonly used strain sensor is the resistive 
type strain gauges that convert strain deformation into resistance change of the gauge; which are low-cost, accurate, and 
easy to integrate with existing wireless platform. However, it has several limitations for practical applications due to the 
small sizes and fragility induced by rigid material composition4–6. When the strain gauge is used for concrete structures, 
non-homogeneous material features cause measurement errors in global displacement reconstruction and lack of 
flexibility causes easy failure along the crack growth7. For fatigue monitoring of steel structures, huge numbers of strain 
gauges in dense array are required to cover large area of potential, but unknown, fatigue crack location for effective 
monitoring; which is not so practical4,5.  
Recent advances in structural sensing lead various kinds of strain sensor developments to address the problems. In order 
to measure large area strain accurately, several types of sensors have been developed and studied, such as fiber optic 
strain sensor, resistive sensor sheet,  and carbon nanotube-based sensor 8–10. Besides, Soft elastomeric capacitive (SEC) 
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sensor has been developed for meso-scale strain sensing application. The SEC is a capacitance-based strain sensor that 
has various features suitable to the SHM applications; which are low-cost, various size manufacturability, durability, and 
extended linearity up to 20% elongation 4–6,11,12. Recent researches utilized the SEC to demonstrate the potential for 
various SHM applications, including steel structure fatigue crack detection, large-scale structure sensing in 
static/dynamic strain responses 4,5,12,13. While, high-sensitivity acceleration and strain sensors for WSSN have been 
developed and demonstrated 2,3, the capacitance based wireless strain sensor has not been developed yet. In this study a 
capacitance-based strain sensor board for wireless sensor platform MEMSIC’s Imote2 is developed and the 
performances are validated for SHM application. This sensor board converts low-level capacitance changes into 
measurable analog voltages and are designed to interface with Imote2 for power supply(5V) to utilize the AD 
conversion, wireless data transmission, and onboard signal processing capability of the Imote2 platform. The AC-
Wheatstone bridge was employed to convert the dynamic capacitance variation into voltage changes, multi-step signal 
amplification and filtering, and peak envelope detection circuits were employed to accurately extract the dynamic strain 
signals from the modulated AC Wheatstone bridge outputs. The performance of sensor board was validated through lab-
scale tests.  
 
2. DEVELOPMENT OF CAPACITANCE-BASED STRAIN SENSOR BOARD 
2.1 Considerations for high-sensitivity capacitance sensing 
The first step in the design of capacitance-based strain sensor board is to convert capacitance changes into voltage 
change. There are several methods to transduce capacitance to voltage, oscillator-based and Wheatstone bridge-based 
methods are the most widely used. Oscillator-based sensing method is suitable to measure wide capacitance variation. 
However, to measure very small-range capacitance variation with oscillator requires to have high-performance jitter 
clock which is expensive. Another way is Wheatstone bridge-based method which is suitable to measure small range 
capacitance change allowing high-amplification. In this study, AC-Wheatstone bridge-based circuit in combination with 
amplifier and peak envelope detection circuit was employed to convert capacitance change to measurable voltage 
change.  
The second consideration is the interface with wireless platform. The new sensor board was aimed to work with existing 
wireless platform Imote2 supporting high-fidelity 16-bit sensing capability, regulated power supply of 5V and internal 
data processors.  For compatibility with Imote2, the amplifier is set to 0~5V range for data acquisition. Because, AC 
Wheatstone bridge utilize AM-modulated signal for capacitance variation, peak envelope detection circuit was employed 
to extract actual dynamic capacitance variation from modulated signals. Then, an analog low-pass filter was applied for 
clear output in desired bandwidth. Figure 1 is the block diagram of the sensor module showing the capacitance sensing 
principle. 
AC 
Wheatstone 
Bridge
Amplification Peak Detection LPF
AC Excitation
Power Supply
Output
DUT
 
Figure 1. Block diagram of the wireless capacitive strain sensing module 
 
2.2 AC Wheatstone Bridge & Amplification 
As mentioned, high sensitivity is essential for strain sensing for SHM. To achieve the required sensitivity, a precisely 
controllable AC Wheatstone bridge circuit was designed as illustrated in Figure 2.  
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The AC Wheatstone bridge with two capacitors and two resistors as the simplest AC bridge configuration for comparing 
the two capacitor values is known as AC Wheatstone bridge. In this design, a sine wave AC signal is used to excite the 
bridge. Considering the cost effectiveness and difficulties in finding a proper sine wave chip with the bandwidth required 
of the amplifier, a square wave to sine wave conversion scheme is employed. This strategy uses a 32.768kHz square 
wave oscillator with a 4-order Sallen-key low pass filter for square wave to sine wave conversion.  
 
 
Figure 2. AC Wheatstone bridge design 
 
The AC Wheatstone bridge is composed of a reference capacitor (C2), a capacitive sensor (C1) and two potentiometers 
as variable resistors (R1 and R2) for bridge balancing as shown in Figure 2. One of the capacitors is the sensor (DUT, 
Device Under Test), while the other is the reference (quarter bridge). The final output signal (i.e.  
outV ) from the AC 
Wheatstone bridge with the two-step amplifier can be derived as follows. First, by using the configuration in Figure 2, 
the balanced condition is 
2 1 1 2/ /R R C C  . The initial state voltage (no strain) of bridge can be expressed as 
2 1
2 1
2 1
1 1
1 1initial EXT
j C j C
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                                                                       (1) 
and when the capacitance of SEC increases by  C , the total capacitance of the SEC sensor is  '
1 1C C C    and the 
voltage under test (strain) of the bridge is     
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                                                                (2) 
For a balanced status,  
1 1 2 2C R C R  is zero and according to the SEC sensitivity, the capacitance change  C   is very 
small compared to nominal capacitance of the SEC; thus,  C  can be neglected in the denominator of (2), resulting in 
following Eqn.: 
  
1
1 1 2 21 1
test EXT
j R
V V C
j C R j C R

 
 
     
                                                               (3) 
Eqn. (3) gives a linear expression transducing a change in capacitance into a change in voltage. Because the capacitance 
change is very small, an amplification is necessary.  However, due to the parasitic effect, the balance could not be 
perfectly achieved, which means there is always a DC component in the output signal from the bridge. Therefore, 
amplification circuit is used in this design. AD8226 was employed for the amplification due to their low cost, appropriate 
power supply range (2.2V to 36V), proper bandwidth (1.5Mhz), and sufficient amplification capability up to 1000 times. 
Differential voltage from the AC Wheatstone bridge is amplified by the amplification with variable potentiometers. 
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2.3 Peak Envelope Detection 
According to Eqn. (3) with amplification, the output signal from the amplification part would be an amplitude modulated 
(AM) sine wave. So, amplitude envelope detection is employed to make the final voltage proportional to the capacitance 
change. Figure 3 shows the circuit for peak envelope detection.  
Diode
R C
Modulated Signal Demodulated Signal
 
Figure 3. Circuit for peak detection 
In this circuit, the values for R and C should be carefully designed to ensure the demodulated signal reflects the actual 
message (i.e. dynamic capacitance variation of capacitive sensor). In this board design, the target frequency bandwidth of 
the structural response signal is 0~40Hz. On the other hand, the carrier frequency of the modulated signal that comes 
from the AC sine-wave excitation for the bridge is much higher than the message frequency. Therefore, to extract the 
message from the modulated signal, the relationship shown in Eqn. (4) must be satisfied.  
1 1
RC
f


                                                                              (4) 
where f  is the frequency of the carrier, ω is the bandwidth of the message, and τ is the charging time of the RC circuit.  
In addition, a third-order active LPF using the Sallen-Key configuration has been incorporated after the peak envelope 
detectionfor cleaner final outputs. 
 
Figure 4. Top view of prototype capacitance sensor board 
 
3. EXPERIMENTAL VALIDATION 
3.1 Test procedure 
The performance of the developed strain sensor board was verified through lab-scale tests. In order to demonstrate the 
capacitance to voltage conversion, linearity of this capacitance sensing was tested. A 1000pF capacitor is used to as the 
nominal capacitance of the real sensor and several small value capacitors are parallelled with this 1000pF capacitor one 
by one to simulate the capacitance change of the sensor. Figure 5(a). shows the schematic of this test and Figure 5(b) 
shows the test field. In Figure 5(b), C0 is the 1000pF capacitor, ΔC is the small value capacitor, whose value is from 
1pF±0.2pF to 10pF±1pF shown in Figure 5(b). For power supply and data acquisition, Imote2 was used for developed 
sensor board and for capacitnace comparision, a commercial wired capacitance measurement kit PCAP-02 was used.  
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For Dynamic excitation test, a capacitive strian sensor SEC (1.4×1.4 in. , nominal capacitance : 210pF) attached on steel 
plate with 7-story shear building was used shown in Figure 6. Specimen was placed in 6th story of shear building and 
strain gauge was installed back side for comparision. As excitations, 0.5 Hz sine wave was used with 80 and 400 micro 
strain level amplitudes. An APS400 Electrodynamic shaker with an APS145 amplifier was used to generate the dynamic 
load excitation. For comparison, strain responses were measured by an OMEGA KFH-3-120-C1-11L3M3R, which is a 
foil-type strain gauge having a nominal resistance of 120±0.35Ω. Test results from the three DAQs (i.e. NI DAQ, 
PCAP02, and Imote2) are compared in Figure 8. For each test, the AC Wheatstone bridge was balanced precisely. 
                  
(a)                                                                                                     (b) 
Figure 5. Linearity test setup: (a) Schematic for the linearity test; (b) Test field 
 
 
Figure 6. Dynamic test setup 
 
3.2 Test result 
Figure 7 shows the test results for the linearity test. The initial state is not shown because it has been used for the bridge 
balance. As shown, the output voltage is changed according to the capacitance change linearly. Considering the tolerance 
shown in this Figure 7, the linearity is pretty good.  
 
Figure 7. Linearity test results. 
SEC 
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(b) 
Figure 8. Dynamic excitation test results under 0.5 Hz, 80 / 400 μ-strain excitation: (a) Comparison of sensor board and 
strain gauge; (b) Comparison of sensor board and PCAP-02 
 
For dynamic test, as can be observed in Figure 8(a), the measurements taken by the new sensor board showed strong 
agreement with conventional strain gauge measurements for all amplitude cases with RMSE 0.9mV and 3.9mV for each 
amplitude case. Comparing with PCAP02 measurements, the new sensor board showed cleaner (lower noise) results as 
shown in Figure 8(b) with RMSE 6.1mV and 7.3mV for each amplitude case. The RMSE were calculated with converted 
values from strain and capacitance measurement to voltage using calculated ratios ( micro strain to mV : 80/350, pF to 
mV : 80/0.5). The PCAP02 measurement showed noisy results under 80 micro strain responses. Considering the clean 
measurement from the sensor board under small excitation (80 micro strain, 0.08 pF in Figure 8(b) left) the sensor board 
is capable to measure capacitnace change below 0.05%.  
4. CONCLUSIONS AND FUTURE WORK 
In this study, a capacitance based wireless strain sensor board was developed and the performance of the sensor board 
was evaluated through a lab tests. The newly developed sensor board was designed to interface with Imote2 wireless 
sensor platform to take advantage of functions. By employing AC Wheatstone bridge, high-precision bridge balancer, 
and signal amplification, and peak envelope detection with active low-pass filter was able to measure capacitance 
variation in linear with good accuracy in dynamic test. This AC bridge-based configuration enabled analog voltage 
output that can be directly interfaced with the Imote2 platform and is characterized by its simple PCB structure for 
lowering cost, and high-sensitivity capacitance-based strain measurement. a prototype is developed and mounted onto 
Imote2 WSSN platform. Several individual ceramic capacitors are used to make the capacitance change for the test of 
linearity. The dynamic sensor test using 1.4×1.4 in. SEC result showed good performance. Besides, test results show the 
prototype can sense lower than 0.05% capacitance change of the capacitive sensor. Finally, the sensor board is small and 
Proc. of SPIE Vol. 10598  105980S-6
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 4/2/2018 Terms of Use: https://www.spiedigitallibrary.org/terms-of-use
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with various sizes capacitive strain sensors on steel structure. 
ACKNOWLEDGEMENT 
This work was partially supported by the Transportation Pooled Fund Study TPF-5(328), which includes the following 
participating state Departments of Transportation (DOTs): Kansas, Iowa, Minnesota, North Carolina, Pennsylvania, 
Texas, and Oklahoma. One of the authors, Hongki Jo serves as a scientific advisor for the Embedor Technologies that 
manufactures wireless sensors. The terms of this arrangement have been reviewed and approved by the University of 
Arizona in accordance with its policy on objectivity in research 
REFERENCES 
[1] Spencer, B. F., Jo, H., Mechitov, K. A., Li, J., Sim, S. H., Kim, R. E., Cho, S., Linderman, L. E., Moinzadeh, P.,
Giles, R. K. and Agha, G., “Recent advances in wireless smart sensors for multi-scale monitoring and control of
civil infrastructure,” J. Civ. Struct. Heal. Monit. (2016).
[2] Jo, H., Sim, S.-H., Nagayama, T. and Spencer, B. F., “Development and Application of High-Sensitivity
Wireless Smart Sensors for Decentralized Stochastic Modal Identification,” J. Eng. Mech. 138(6), 683–694
(2012).
[3] Jo, H., Park, J., Spencer, B. and Jung, H., “Develoment of high-sensitivity wireless strain sensor for structural
health monitoring,” Smart Struct. Syst. 11(5), 477–496 (2013).
[4] Kong, X., Li, J., Collins, W., Bennett, C., Laflamme, S. and Jo, H., “A large-area strain sensing technology for
monitoring fatigue cracks in steel bridges,” Smart Mater. Struct. 26(8), 85024 (2017).
[5] Kong, X., Li, J., Bennett, C., Collins, W. and Laflamme, S., “Numerical simulation and experimental validation
of a large-area capacitive strain sensor for fatigue crack monitoring,” Meas. Sci. Technol. 27(12) (2016).
[6] Laflamme, S., Kollosche, M., Connor, J. J. and Kofod, G., “Robust Flexible Capacitive Surface Sensor for
Structural Health Monitoring Applications,” J. Eng. Mech. 139(7), 879–885 (2013).
[7] Glisic, B., “Influence of the gauge length on the accuracy of long-gauge sensors employed in monitoring of
prismatic beams,” Meas. Sci. Technol. 22(3), 35206 (2011).
[8] Ye, X., Su, Y., Journal, J. H.-T. S. W. and 2014,  undefined., “Structural health monitoring of civil infrastructure
using optical fiber sensing technology: A comprehensive review,” hindawi.com.
[9] Yao, Y. and Glisic, B., “Detection of steel fatigue cracks with strain sensing sheets based on large area
electronics,” Sensors (Switzerland) 15(4), 8088–8108 (2015).
[10] Loh, K. J., Lynch, J. P., Shim, B. S. and Kotov, N. A., “Tailoring Piezoresistive Sensitivity of Multilayer Carbon
Nanotube Composite Strain Sensors,” J. Intell. Mater. Syst. Struct. 19(7), 747–764 (2008).
[11] Laflamme, S., Ubertini, F., Saleem, H., D’Alessandro, A., Downey, A., Ceylan, H. and Materazzi, A. L.,
“Dynamic Characterization of a Soft Elastomeric Capacitor for Structural Health Monitoring,” J. Struct. Eng.
141(8), 4014186 (2015).
[12] Laflamme, S., Saleem, H. S., Vasan, B. K., Geiger, R. L., Chen, D., Kessler, M. R. and Rajan, K., “Soft
elastomeric capacitor network for strain sensing over large surfaces,” IEEE/ASME Trans. Mechatronics 18(6),
1647–1654 (2013).
[13] Saleem, H., Downey, A., Laflamme, S., Kollosche, M. and Ubertini, F., “Investigation of dynamic properties of
a novel capacitive-based sensing skin for nondestructive testing,” Mater. Eval. 73(10) (2015).
Proc. of SPIE Vol. 10598  105980S-7
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 4/2/2018 Terms of Use: https://www.spiedigitallibrary.org/terms-of-use
